Conformations of partially or fully adsorbed semiflexible polymer chains are studied varying both contour length L, chain stiffness, κ, and the strength of the adsorption potential over a wide range. Molecular Dynamics simulations show that partially adsorbed chains (with "tails", surface attached "trains" and "loops") are not described by the Kratky-Porod wormlike chain model. The crossover of the persistence length from its three-dimensional value (ℓp) to the enhanced value in two dimensions (2ℓp) is analyzed, and excluded volume effects are identified for L ≫ ℓp. Consequences for the interpretation of experiments are suggested. We verify the prediction that the adsorption threshold scales as ℓ −1/3 p .
Introduction Adsorbed stiff macromolecules on substrates are of key interest to understand properties and function of various nanomaterials, and also play an important role in biological context [1] [2] [3] [4] [5] [6] [7] . While adsorption of flexible polymers has been extensively studied [8] [9] [10] [11] [12] , the adsorption transition of semiflexible polymers is much less understood [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] . For flexible polymers, the salient features of this transition are well captured [10] [11] [12] by the simple selfavoiding walk lattice model of polymers [24] . However, extending the model to semiflexible polymers [13, 20] misses important degrees of freedom, namely, chain bending [25] by small bending angle θ. Consequently, most work uses the Kratky-Porod (KP) [26] wormlike chain (WLC) model: in the continuum limit the chain is described by a curve r(s) in space, the only energy parameter κ considered relates to the local curvature of the polymer. The Hamiltonian
yields for the tangent -tangent correlation function an exponential decay with the distance n between two bond vectors (n = s − s ′ ) along the chain backbone, C(n) = cos θ(n) = e −n/ℓp (d = 3), or e −n/2ℓp (d = 2), (2) with ℓ p = κ the persistence length. There are two problems: (i) while in d = 3 dimensions excluded volume interactions between the effective monomer units of the polymer come into play only for extremely long chains when ℓ p ≫ 1 (measuring lengths in units of the distance ℓ b = 1 between the subsequent monomers along the chain) [27] , in d = 2 deviations from Eq.(2) start when s−s ′ exceeds 2ℓ p distinctly, and a gradual crossover to a power-law decay, cos [28] begins. Strictly in d = 2, chains cannot intersect, and for L ≫ ℓ p excluded volume matters. (ii) in fact, adsorbed chains exist to some extent "in between" the dimensions (remember the well-known [11] description in terms of trains, tails and loops, cf. . If the adsorption potential, U (z), with z being the distance from the (planar) adsorbing substrate, is very strong, tails and loops will be essentially eliminated but in real systems the adsorption then must be expected to be irreversible [29] . While single-stranded (ss)-DNA on graphite [7] and double-stranded (ds)-DNA on lipid membranes [6] have been shown to equilibrate by diffusion in the adsorbed state, no diffusion is observed for more bulky polymers such as dendronized polymers (DP) [30] . Adsorbed bottlebrush polymers [31] or DPs are intriguing since ℓ p for such polymers can be systematically varied by choosing different side chain lengths (for bottlebrushes [32] ), or different generations (for DPs [30, 33, 34] ). However, experiments reveal subtle effects of surface roughness [30] and electrostatic interactions [30] making thus the interpretation of the observed persistence lengths difficult.
Model In the present work we elucidate the meaning of ℓ p for experimentally observed semiflexible polymers by means of Molecular Dynamics simulations using a bead-spring model as studied previously in both d = 2 [35] and in d = 3 [36] , assuming dilute solutions under good solvent conditions. All beads interact with a truncated and shifted Lennard-Jones potential,
where U LJ = 0 for distances r > 2 1/6 σ, ǫ being chosen as unity, ǫ = k B T = 1, and the range σ = 1. Eq.(3) therefore means that excluded volume effects are fully accounted for. Chain connectivity is ensured by the finitely extensible nonlinear elastic (FENE) potential [37] , U F EN E (r) = −(1/2)kR A popular measure of ℓ p then is [32] 
2 , for κ ≫ 1. This relationship yields the results displayed in Fig.1b, i. e., ℓ p /ℓ b ≈ κ, irrespective of the chosen substrate potential
which has a minimum U wall (z min ) = −ǫ wall at z min /σ = 5 2 1/6 . In the simulations below, varying ǫ wall and the chain length N , we have carefully monitored that on the available time scale (of the order of up to 10 million MD time units) equilibrium is reached. In each case 50 runs (carried out in parallel using graphics processing unit) were averaged over.
Results While for small ǫ wall the chains are essentially non-adsorbed mushrooms (one chain end being fixed at the surface), for ǫ wall ≈ 1.0 all monomers are bound to the wall, i.e., a quasi-twodimensional conformation occurs. Surprisingly, for neighboring bonds, s − s ′ = 1, the expected change of the effective decay length ℓ ef f p of orientational correlations from ℓ p to 2ℓ p (2ℓ p is readily seen for strictly d = 2 chains [35] ) is not observed. This finding is rationalized by considering two subsequent bonds, the first bond from r j−1 to r j , the second from r j to r j+1 , (cf. inset to Fig.1b) . Choosing polar coordinates to describe the bonds r j − r j−1 = ℓ b (− cos α j , 0, sin α j ) and r j+1 − r j = ℓ b (cos α j+1 cos φ, cos α j+1 sin φ, sin α j+1 ), for small angles θ between the bonds one has θ 2 = φ 2 + (α j − α j+1 ) 2 , therefore, also for an adsorbed polymer the bond angle θ is composed from two transverse degrees of freedom. Only if the wall potential would constrain all positions {z j } strictly to z min , one would get α j − α j+1 ≡ 0, that is, a single transverse degree of freedom. There are slight deviations from the result ℓ p /ℓ b = κ in Fig.1b . However, when one follows cos θ(n) for large distances n along the contour, Fig.2a , one reproduces Eq.(2) strictly only for the non-adsorbed mushrooms, for all the weakly adsorbed chains, instead, the strong curvature of the semilog plot shows that an interpretation by Eq. (2) 
, and for strongly adsorbed chains applies only if both ℓ p and n are large, is a generic feature. For strongly adsorbed chains a crossover of the effective decay length ℓ p to about 2ℓ p occurs when n is significantly larger than 1. The further crossover to the power law [28] 
for n ≫ 2ℓ p in Fig. 2a sets in slowly, the fully developed power law is not seen here, it would require to study by far longer chains. To separate the EV effect from the crossover ℓ p → 2ℓ p caused by adsorption, we simulate chains where Eq.(3) between non-bonded monomers was omitted, Fig.2b . One sees that ℓ ef f p reaches the value 2ℓ p only for large κ. The gradual crossover from e −n/ℓp to e −n/2ℓp with increasing ǫ wall , and the precise range of ǫ wall where this occurs, reflect the region over which the adsorption transition is rounded (owing to the finite chain length N ) and depend on κ as well. The rounded transition is monitored by studying the lateral chain linear dimensions, Fig.3 , or local order parameters, the fraction f of adsorbed monomers, defined by f = ρ(z)U wall (z)dz/ U wall (z)dz, Fig.4a , or the orientational order parameter of the bonds η = , ϑ being the angle of a bond with the surface normal, Fig.4b . For the shown medium chain lengths, EV effects for nonadsorbed chains are negligible for all κ. They are, however, present for N = 100 for adsorbed chains with κ = 5 and 8 whereas for N = 250 also data for adsorbed chains with κ = 16 and κ = 25 are already slightly affected by excluded volume. These findings are certainly compatible with experiment: for ss-DNA with ℓ p ≈ 4.6 to 9.1nm, depending on the ion concentration in the solution, evidence for R 2 (s) ∝ s 2ν with ν = 0.73 was presented [7] , in contrast to the KP prediction R 2 (s) ∝ ℓ p s. Even for long enough ds-DNA with ℓ p = 50nm (with effective diameter σ = 2nm, this would correspond to κ = 25 in our model), the d = 2 SAW-type behavior was observed clearly [6] . Thus, the suggestion [4] to estimate ℓ p from the KP expression by means of AFM measurement on DNA in the limit L ≫ ℓ p must be taken with due care since significant systematic errors may occur when both L and ℓ p are used as adjustable parameters. Fig.3 also includes a rough estimate of the lateral part of the mean-square gyration radius of non-adsorbed mushrooms ( R 
whereas in d = 3 the same expression holds yet with ℓ p being replaced by ℓ p /2 (also in n p ).
It is clear from Fig.3 that the KP model, Eq. (5), is inapplicable in the broad (shaded) transition region from weakly to strongly adsorbed chains. The chain conformations contain here large loops (whereby ℓ p appropriate for d = 3 applies) as well as some trains (where ℓ Fig.2b ), we predict 845, in very good agreement with the simulation. Of course, for such not very stiff and rather long chains the complete neglect of excluded volume is not warranted, as R 2 g = 1167 for the chain with EV shows. As seen in Fig.2a , EV also causes onset of curvature in the semilog plot of C(n). Thus Gaussian statistics as implicit in the KP model for L ≫ l p is clearly inadequate. Only for all the data without EV, the modified KP model (with ℓ ef f p rather than 2ℓ p ) can account for the results qualitatively.
Since the adsorption transition becomes a well-defined (sharp) phase transition only for N → ∞, and then the theory predicts [17] that f ∝ (ǫ wall − ǫ cr wall ) for ǫ cr wall < ǫ wall < ǫ sat wall for semiflexible polymers, we plot f vs ǫ wall in Fig.4a for N extending from N = 50 to N = 500. Indeed, the data are qualitatively compatible with this prediction, and the estimates, ǫ chain into straight pieces of length λ ∝ ℓ 1/3 p ∆ 2/3 , ∆ being the range of the adsorption potential while λ is the "deflection length" [25] . The transition occurs when the energy won by one such piece is of order k B T . Fig.4a also shows estimates of ǫ sat where f gradually reaches saturation, f → 1. However, while with increasing κ the curves f vs ǫ wall do become steeper, we are still far from the 1 st -order-like behavior, predicted [17] for κ → ∞.
Conclusions In summary, using a bead-spring model with a bond-angle potential where the nonbonded part of the excluded volume potential between monomers is either included or switched off, a test of the KP description of the adsorption of semiflexible polymers is presented. Unlike previous lattice model work (predicting ǫ cr wall ∝ 1/ℓ p ), we verify Semenov's [17] prediction ǫ cr wall ∝ 1/ℓ 1/3 p . Ref. [17] presents a precise description of the adsorption of ideal wormlike (KP) chains and explains why previous attempts (apart from considerations based on the unbinding transitions [16] ) failed. While near the transition (for very stiff chains) excluded volume is unimportant, it matters for strongly adsorbed quasi-2d chains. We show that the concept of persistence length is not useful for weakly adsorbed chains, and for the strongly adsorbed chains we demonstrate that the ℓ p → 2ℓ p change, predicted by the KP model, only holds for very large ℓ p . We expect that these findings will help the proper interpretation of experiments on adsorbed ss-DNA and ds-DNA.
